We study the production of gluon pairs from the QCD vacuum in the presence of a space-time dependent external chromofield by using background field method. This pair production is computed to the lowest order in coupling consatnt α s . It is shown that the gluon pair prodcution is much higher than the qq pair production from the space-time dependent chromofield. Parton productions from this background chromofield may play an important role in many high energy experiments.
I. INTRODUCTION
Over years there has been several devlopement on the production of charged particles from the classical electro magnetic field, a phenomena which was discovered nearly fifty years ago by Schwinger [1] . By now the production of electron positron pairs from the abelian field is extensively studied both theoretically and experimentally [2] . The subject matter of quark/anti-quark and gluon pair productions from the non-abelian field is relatively new and is not fully solved. This might be important for the production of quark-gluon plasma in the laboratory by high energy heavy-ion collisions. In the high energy heavy-ion collisions the receding nuclei might produce a strong chromofield which produces quark/anti-quark pairs and gluons [3, 4] . Irrespective of the phenomenological applications it is important to compute quark/anti-quark and gluon productions from the QCD vacuum in the presence of external chromofield.
The production of fermion pairs from the field is studied in two different cases. They are, 1) from a constant, uniform electric field and 2) from a space-time dependent field. The fermion pair production from a constant, uniform field is computed by Schwinger. This is an exact one-loop nonperturbative result [1] . This result can also be understood in terms of a semiclassical tunneling across the mass gap [5] . However, a space-time dependent field can directly excite the negative energy particles to levels above the mass gap, by a perturbative mechanism, without recourse to any tunneling or barrier penetration mechanism [6] . The particle productions from this mechanism may be useful in many high energy experiments where the coupling constant is small. This is because, Schwinger's result from a constant field is based on one-loop calculation which is always higher order in coupling constant
α. An application of this result in high energy experiments may underestimate the parton productions. In these situations theand gluon pair productions to the lowest order in coupling constant are important. In many real situations [3, 4] the chromofield becomes time dependent as soon as it starts producing partons. For all these reasons it is necessary to obtain parton productions from a space-time dependent chromofield to the lowest order in coupling constant α. A source term in the phase space for the production of e + e − pairs from the space-time dependent abelian field is recently obtained in [6] .
The production ofpairs from the non-abelian field is quite simillar to that of the production of e + e − pairs from the abelian field. This is because, apart from the color factors, the interaction of the quantized Dirac field with the classical potential is simillar in both the cases. All the methods used to obtain the probability for the production of the e + e − pair from a space-time dependent Maxwell field can be applied to obtain the probability for the production of thepair from a space-time dependent Yang-Mills field.
On the otherhand, the production of gluon pairs from a space-time dependent Yang-Mills field is not straight forward and there is no counter part to this in the abelian theory. In contrast to abelian theory the quantized Yang-Mills field interact with the classical nonabelian potential. Because of this interaction there are gluon productions from the QCD vacuum in the presence of external chromofield. This phenomena is absent in the Maxwell theory. In this paper we will study the production of gluon pairs from the space-time dependent chromofield to the lowest order in coupling constant α. We will compare our results with that of thepair productions.
The paper is organized as follows. The probability for the gluon pair production from a space-time dependent chromofield is obtained in section II. In section III we have presented our conclusions.
II. GLUON PAIR PRODUCTIONS TO THE LOWEST ORDER
Before we study the production of gluon pairs from the space-time dependent chromofield, we derive here the corresponding result for thepair productions. The production ofpairs from the non-abelian field is simillar to that of the production of e + e − pairs from the abelian field. However, the final results in both the cases are not simillar. In the abelian theory one can easily express the probability for the production of the e + e − pair in terms of electric and magnetic field. This is not trivial in non-abelian theory because of the presence of the non-linear term in F aµν . One can not express the the probability for the production of thepair in terms of chromoelectric and chromomagnatic field without any approxiamtions on the non-abelian potential. This will be explained in detail in section A. Gluon pair productions from the space-time dependent chromofield will be described in next section B. Towards the end of our calculation we will compare the production of thepairs from a space-time dependent chromofield with that of the gluon pairs.
A. qq Pair Production From Space-Time Dependent Chromofield
The method used for the computation of the probability for the production ofpair from the non-abelian field is exactly simillar to that of the production of e + e − pair from the abelian field. For this reason we will briefly present the results of the of the production of e + e − pairs before discussing the productions of qq. The amplitude for the lowest order process A → e + e − which contribute to the production of e + e − from a space-time dependent classical abelian field A µ is given by [6] 
In the above expression k 1 , k 2 are the four momentum of the produced electron and positron respectively and A(K) is the Fourier transform of the space-time dependent field A µ (x) with
It can be mentioned here that the Feynman amplitude involving classical field A µ (K) in it can be obtained from the corresponding amplitude involving photon ǫ µ (K) by the replacement
The probability for pair production is:
where
Performing the spin sum one obtains [8] W
(1)
In the above expression α = e 2 4π
is the coupling constant. Using
and
one obtains
This is the probability for the production of the e + e − pair from the space-time dependent abelian field. This result was obtained for the first time by Schwinger (see Eq. (6.33) in [1] ).
Now we proceed to compute the probability for the production of thepair from a space-time dependent non-abelian field. The amplitude for the lowest order process A →which contribute topair production from a space-time dependent classical non-abelian field A aµ is given by
In the above expression k 1 and k 2 are the four momentum of the quark and anti-quark respectively and A aµ (K) is the Fourier transform of the space-time dependent non-abelain
are the generators in the fundamental representation, i, j are the color indices for quark and a is the color index for the non-abelian field.
Following the above procedure and choosing SU(3) group one obtains
In the above expression α s = g 2 4π
.
Using
This is the probability for the production of thepair from a space-time dependent chromofield. It can be noted that Eq. (10) is valid only for a single flavor of quark. This equation is simillar to Eq. (4) in the abelian theory. However, in the non-abelian theory
and it is not trivial to obtain simple relations between A aµ (K) and F aµν (K) as was obtained in the abelian theory (see Eq. (5)). For this reason we can not obtain W
qq in terms of E a (K) and B a (K), like it was obtained in Eq. (7), without any approximation on A aµ .
This suggests that, care must be taken while using Schwinger's formula (Eq. (7)) for the fermion pair production in the non-abelian theory. Apart from the suitable color factors, a simple minded application of (Eq. (7)) to the non-abelian theory for theproductions with 
B. Gluon Pair Production From The Space-Time Dependent Chromofield
Now we proceed to compute the probability for the production of the gluon pair from a space-time dependent chromofield. The amplitude for the lowest order process A → gg which contribute to gg pair production from the space-time dependent chromofield A aµ is given by
In the above expression k 1 , k 2 are the four momentum of the produced gluons,
is the Fourier transform of the non-abelian field A aµ (x) and V abc µνλ (K, k 1 , k 2 ) is the vertex involving single classical field and two gluons with K = k 1 + k 2 . In the conventional QCD such vertex which involves classical field and gluons is not calculated. However, Feynman diagrams involving classical field and gluons are calculated in the background field method [9, 10] . In the background field method, the vertex involving single classical field and two gluons in the Feynman gauge is given by [11] 
where [11] . Using Eq. (12) in (3) we obtain
where we have used A * (K) = A(−K).
To obtain correct and gauge invariant results one has to use the appropriate projection operators for the transverse polarization states of the gluons. For this purpose we take
in a process which involves more than one physical gluons in the Feynman amplitude. In the above equations s = (
Now it is matter of algebra to compute T from Eq. (14) by using Eq. (13), (15) and(16).
The calculation of T involves evaluating a large number of terms in Eq. (14)
. This is derived in the Appendix. In SU(N) group we obtain (see Eq. (A12))
Let us test the gauge invariance of the above expression. To see this easily we rewrite the above expression in terms of K(= k 1 + k 2 ) and k(= k 1 − k 2 ). In these new variables we
One can easily check that the above expression is gauge invariant under the gauge transfor-
because k · K = 0.
Now we proceed to compute the probability for the production of the gluon pair from the space-time dependent chromofield. To obtain the probability for the production of a real gg pair with four momentum k 1 and k 2 we require that
With the above requirements we proceed to perform the integration in Eq. (2) using T from Eq. (17). We obtain
To perform the integration in the above equation we proceed as follows. First of all using
we check that
Using Eq. (22) we find
With the help of the above relations the integration in Eq. (20) can be easily performed.
Using (22), (23) and (24) we obtain from Eq. (20)
Since the integrand in Eq. (25) is even we may forget the restriction K 0 > 0, so that
In the above expression the repeated indices are summed from a = 1, ........, (N 2 − 1). For SU(3) group we obtain
This is the probability for the production of the gg pair from a space-time dependent chromofield.
We will compare this result with the corresponding result for thepair production from a space-time dependent chromofield. Summing over all flavors we obtain from Eq. (10)
This is the probability for the production ofpairs with all flavors from a space-time dependent chromofield. In the above equation m f stands for the mass of the each flavor. In many high energy experiments [3, 4] the strength of the chromofield may not be very large and one may neglect the production of heavypairs. In these situations one may restrict to the production of u, d and s flavors. As a rough estimate we find from Eq. (27) and (28),
. This shows that production of gluon pairs are dominant over thepairs from the space-time dependent chromofield.
III. CONCLUSIONS
Using background field method we have obtained the probability for the production of the gluon pair from the QCD vacuum in the presence of an external space-time dependent chromofield. This computation is done to the lowest order in coupling constant α s . We observe that gluon pair production is very much larger than thepair production from the space-time dependent chromofield. Gluon productions by such mechanism may play an important role in many high energy experiments such as in the study of quark-gluon plasma [3, 4] .
We have not derived here a source term for the gluon production in the phase-space. The source term in the usual phase-space is of the form
. This is much more complicated than the abelian case [6] because of the non-linear interactions. We hope to study the space-time evolution of gluon pair productions from the space-time dependent chromofield in future. We will evaluate here the spin sum of matrix element square from Eq. (14). Using Eq.
(15) and (16) we obtain from Eq. (14)
We use a short hand notation and rewrite Eq. (A1) as
Using Eq. (A2), (A3) and f abc f a ′ bc = Nδ aa ′ in SU(N) group we obtain
Finally, adding the above expressions we obtain
This is the expression used in Eq. (17).
